This study presents the power flattening and time-dependent neutronic analysis of a conceptual helium gas cooled Accelerator Driven System (ADS) loaded with TRISO (tristructural-isotropic) fuel particles. Target material is lead-bismuth eutectic (LBE). ThO 2 , UO 2 , PuO 2 , and CmO 2 TRISO particles are used as fuel. PuO 2 and CmO 2 fuels are extracted from PWR-MOX spent fuel. Subcritical core is radially divided into 10 equidistant subzones in order to flatten the power produced in the core. Tens of thousands of these TRISO fuel particles are embedded in the carbon matrix fuel pebbles as five different cases. The high-energy Monte Carlo code MCNPX 2.7 with the LA150 library is used for the neutronic calculations. Time-dependent burnup calculations are carried out for thermal fission power ( th ) of 1000 MW using the BURN card. The energy gain of the ADS is in the range of 99. 98-148.64 at the beginning of a cycle. Furthermore, the peak-to-average fission power density ratio is obtained between 1.021 and 1.029 at the beginning of the cycle. These ratios show a good quasi-uniform power density for each case. Furthermore, up to 155.1 g 233 U and 103.6 g 239 Pu per day can be produced. The considered system has a high neutronic capability in terms of energy multiplication, fissile breeding, and spent fuel transmutation with thorium utilization.
Introduction
Currently, Light Water Reactors (LWRs) and Canada Deuterium Uranium (CANDU) reactors, which use uranium sources, generate the most of nuclear electricity. Commercial nuclear reactors produce highly radioactive materials as highlevel wastes. They mainly contain transuranic isotopes (Np, Pu, Am, and Cm) and long-lived fission products. Most countries prefer to bury these wastes in concrete containers in the sea bed. On the other hand, transmutation of these wastes by driving high-energetic neutron and/or proton source is an improved approach. Lawrence [1] is the first to transmute thorium to 233 U by releasing fast neutrons from a spallation target bombarded with high-energetic protons. The potentials of nuclear fuel transmutation in various fusion-fission hybrid reactors fuelled with several spent fuels extracted from conventional nuclear reactors are investigated in our previous studies (Yapıcı et al. [2, 3] ).
Many studies on transmutation of nuclear waste and fissile fuel breeding in ADSs have been performed in recent years. Barros et al. investigated potentials of fissile breeding and transmutation for a lead cooled ADS loaded with thorium and reprocessed fuel [4, 5] . Their results show that the use of ThO 2 and reprocessed fuel combination enabled uranium ( 233 U) production without the initial 233 U enrichment. Vu and Kitada [6] propose a conceptual design of ADS utilizing thorium fuel and reprocessed fuel for transmutation of nuclear waste and production of energy. Abánades and Pérez-Navarro [7] examine the transmutation of nuclear waste in a gas cooled ADS moderated with graphite. TRISO is formed from nuclear wastes and they show that 95% of plutonium can be transmuted (except 242 Pu). García et al. [8] evaluate the real number of pebbles fitting in a cylindrical ADS core in detail. The transmutation of MA in a lead-bismuth cooled ADS is analyzed by Takizuka et al. [9] and Tsujimoto et al. [10] . Takizuka et al. indicate that the waste transmutation of 250 kg/year is obtained by 80% plant factor. According to Tsujimoto et al., their ADS design productively transmutes and burns the MA when the effective neutron multiplication factor is 0.97. A uranium spallation target in an ADS loaded with MA is considered by Ismailov et al. [11] . Lead-bismuth (PbBi) target and uranium target are compared in their study and results show that the limited geometrical size of uranium target has better neutron multiplication than that of leadbismuth (PbBi) target. The criticality of the targets made of pure 241 Am and 243 Am is investigated by applying the Monte Carlo code for ADS [12] . The neutronic data of several infinite target mediums irradiated with a proton source of 1000 MeV is studied by Yapıcı et al. [13] to attain a real ADS design. Yapıcı et al. [14] and Bakir et al. [15] bring out that a high neutronic performance in nuclear waste transmutation, fissile breeding, and energy generation can be obtained for various considered configurations and fuel compositions of an ADS. Martínez et al. [16] claim that high-energetic neutrons are necessitated for transmutation of transuranium (TRU) and long-lived fission products in ADS. There are several other studies of various types of ADS for energy production and transmutation of radioactive wastes (Adam et al. [17] ; Artisyuk et al. [18] ; Brolly and Vértes, [19] ; Haeck et al. [20] ; Mukaiyama et al. [21] ; Park et al. [22] ; Seltborg and Wallenius [23] ; Tsujimoto et al. [24] ; Wade et al. [25] ; Wallenius and Eriksson [26] ; Westlén and Wallenius [27] ).
The main cause of temperature and radiation damage gradients in an ADS is the nonuniform fission power density. Therefore, power flattening can help cooling of fuel core and reduce material stresses. To obtain a uniform fission power density profile, peak-to-average fission power density ratio (D) is expected to be reduced to 1.00. Power flattening of the helium-cooled DT driven blanket in the Prometheus-H (heavy ion) breeder reactor fuelled with various mixed fuels (UC-ThC, UO 2 -ThO 2 , UC-C, UO 2 -C, and 244 CmO 2 -UO 2 ) and nuclear waste actinide are studied by Yapıcı andÜbeyli [28] . According to their results, high amounts of energy, fissile fuel, and self-sufficient tritium production for (D, T) fusion reaction are obtained. Fissile fuel breeding and a flat fission power density are examined by Yapıcı [29] in a blanketdriven ICF (inertial confinement fusion) neutron and based on SiC f /SiC composite material. In order to accomplish a flat fission power density, the blanket is fuelled with ThO 2 and UO 2 mixed by several different mixing methods and cooled with natural lithium, (LiF) 2 BeF 2 , Li 17 Pb 83 , and 4 He for the nuclear heat transfer. Peak-to-average fission power density ratio of the blanket is decreased to almost 1.1. Bakır et al. [30] have investigated the medical radioisotope production performance of a power-flattened ADS fuelled with UO 2 and PuO 2 . Their results show that a good quasi-uniform power density is achieved and good neutronic performance in terms of energy production, radioisotope production, and the transmutation of spent fuel is also achieved.
In this study, power flattening and time-dependent neutronic analysis of a conceptual helium gas cooled ADS loaded with TRISO fuel particles are presented. The paper is organized as follows. In Section 2, the computational model of a conceptual gas cooled ADS is explained. Calculation procedure is outlined in Section 3. Numerical results and conclusions are presented in Sections 4 and 5, respectively. Figure 1 demonstrates the layout of 1000 MeV linear accelerator (LINAC) for an ADS. As is apparent from this figure, a proton of 50 keV is accelerated to 1000 MeV in four steps: ion source (IS) of 50 keV is accelerated firstly to 3 MeV by radio frequency quadrupole (RFQ), secondly to 40 MeV by drift tube LINAC (DTL), thirdly to 100 MeV by cavity coupled DTL (CCDTL), and finally to 1000 MeV by superconducting linear accelerator (SC LINAC). Figures 2 and 3 show the cross-sectional view of the investigated conceptual cylindrical ADS and TRISO coated fuel particles in the fuel pebble sphere, respectively. There are four parts in the considered ADS as follows: spallation neutron target (SNT), subcritical core (SC), reflector zone (RZ), and shielding zone (SZ). In order to obtain flattened power profiles in SC, this core is radially divided into 10 equidistant subzones (see Figure 2) . The isotopic percentages and densities of the materials used in this ADS are given in Table 1 . Geometric characteristics of a TRISO particle (Kim et al. [31] ) are given in Table 2 .
Conceptual Gas Cooled Accelerator Driven System
Spallation Neutron Target. The target is liquid lead-(Pb-) bismuth (Bi) eutectic, (LBE: 44.5% Pb-55.5% Bi eutectic). Due to its good neutron release characteristic and thermal and chemical properties, the LBE is the most preferable target material for ADS designs among many target materials in the literature [33] . The radius of the target is optimized as 55 cm in terms of spallation neutrons. A continuous uniform proton beam of 1000 MeV and a source radius of 4 cm bombards the target to release a few tens of high-energy spallation neutrons. In this work, the target radius is gradually increased to optimize neutron leakage. It is determined as 55 cm and neutron leakage is calculated as about 30 neutrons per proton. The release neutrons penetrate through SC to activate fission and breeding reactions.
Subcritical Core. Tristructural-isotropic (TRISO) fuel is originated from a kernel made of fuel such as uranium carbide/uranium oxide and surrounded by carbon and ceramic layer. The TRISO fuel is an attractive fuel for high temperature nuclear reactors due to the fact that it has a quite high neutronic performance and good burn-up ability in high temperatures. As is apparent from Figure 3 and Table 2 , a microspherical tristructural-isotropic (TRISO) fuel particle is designed as five layers from the inside out as follows: (1) fuel kernel, (2) Porous Carbon Buffer, (3) Inner Pyrolytic Carbon (IPyC), (4) silicon carbide (SiC), and (5) Outer Pyrolytic (OPyC) (see Figure 3 ) (Kim et al. [31] ). Dimensions of these layers are given in Table 2 . These TRISO composite particles are embedded inside a spherical carbon matrix fuel pebble with a determined packing fraction which can be up to 32% (Conway and Sloane [34] ). Spherical fuel pebble is made of carbon matrix having a 60 mm diameter (see Figure 3 ). These carbon matrix fuel pebbles are located in a cylindrical SC with a determined packing fraction which can be up to 74% (Conway and Sloane [34] ). In this study, to produce fissile fuel and energy and to transmute PWR-MOX spent fuel, tens of thousands of six different TRISO fuel particles (ThO 2 , average 9% enrichment UO 2 , 15% enriched UO 2 , 22.5% enriched UO 2 , PuO 2 , and CmO 2 ) are embedded in the carbon matrix fuel pebbles with a packing factor of 29% as five different cases as follows and the embedding percentages of different TRISO fuel particles in the carbon matrix fuel pebbles in each subzone are given in Table 3 . Packing factor of the carbon matrix fuel pebbles in SC is 60%. This core is cooled with helium gas whose percentage is 40%. PuO 2 and CmO 2 fuels mentioned above are extracted from PWR-MOX spent fuels (Manson et al. [32] ), fuel with plutonium recycle, 1000 MWe reactor, 80% capacity factor, 33 MWd/kg, 32.5% thermal efficiency, and 150 days after discharge.
Neutron Safety. The last two zones (RZ and SZ) serve for neutron safety. Reflector part is the zone made of graphite reflecting neutrons leaking from the SC zone to increase fission and breeding reactions. The graphite is selected because its scatter cross section is much greater than its absorption cross section. Additionally, it is a good neutron moderator and is high temperature resistant. Because of these properties, the graphite is widely preferable in nuclear applications. Shielding part is the last zone made of boron carbide (B 4 C) absorbing the neutrons leaking from RZ. Due to the fact that boron has a quite high absorption cross section and B 4 C has good thermomechanical properties, B 4 C is usually used in nuclear reactors.
Calculation Procedure
The numerical calculations have been computed by using the high-energy Monte Carlo code MCNPX 2.7 (Pelowitz et al. [35] ) with the LA150 library (Chadwick et al. [36] ). "The library consists of evaluated reaction crosssections and emission spectra up to 150 MeV for incident neutrons and protons, for over 40 target isotopes important in SNTs, structural materials, and shielding" (Yapıcı et al. [14] ). Model for the intranuclear cascade of spallation reactions is selected as Bertini INC model (Bertini, [37] ). The literature and our previous studies (Yapıcı et al. [13, 14] ) bring out that the energy gain ( ) is at the maximum level at proton energy ( ) of 1000 MeV. Therefore, source proton energy is assumed as 1000 MeV (see Figure 2) . The BURN card of the MCNPX 2.7 code (Pelowitz et al. [35] ) is used for time-dependent calculations and these calculations are performed for the power-flattened cases.
Numerical Results

Effective Neutron Multiplication Coefficient.
The effective neutron multiplication coefficient ( eff ) is the ratio of one generation of neutrons to the next generation. This coefficient is less than 1 in the subcritical systems. The compositions of the fuels in this study are determined in all cases so that eff is 0.98 at the beginning of the burn cycle. Thermal fission power ( th ) is considered as 100, 300, 500, 700, and 1000 MW for the burn-up calculations. From inner side to outer side of SC in radial direction, profile of the fission power density declines exponentially because of the decrease of neutron fluxes in this direction. This nonuniformity of fission power density causes radiation damage and large temperature gradients that result in cooling and material issues. This situation is usually observed in ADSs and similar nuclear power systems. On the contrary, a uniform fission power density would help preventing of these cooling and material damage problems. A measure of uniformity of fission power density profile is determined with the peak-to-average fission power density ratio. This ratio must be 1.00 for an exact uniform fission power density profile.
In this work, in order to achieve a uniform power profile in SC, this core is radially divided into 10 equidistant subzones (see Figure 2) , and the embedding percentages of different TRISO fuel particles in the carbon matrix fuel pebbles in each subzone of SC are adjusted in radial direction. The embedding percentages are optimized after many computational trials of percentages (see Table 3 ). The fission power density profiles obtained in the cases without percentage adjustments (constant percentages in all subzones) and in the cases with percentage adjustments (varying percentages in all subzones) are plotted in Figures 7-9 for all fuel cases. Dashed lines in these figures indicate the cases without percentage adjustments. In general, uniformity of power profiles of the cases without percentage adjustments breaks down (the profiles sharply increase) in the last subzones because of neutrons reflecting from RZ. On the other hand, in the optimized adjustment cases, quasi-uniform power profiles 
Fuel Burn-up.
Burn-up (BU) is defined as the total energy generated per initial unit mass of initially loaded fuel, and its unit is GWd/MTU (GWd: gigawatt days; MTU: per metric ton of uranium). So it is directly related to the fission reactions and calculated as follows:
where is operation time and Δ is time interval. The calculations emphasize that the values of BU increase quasi-linearly in all th 's with operation time. In order to find an empirical relation for BU, curve-fitting method is used. Curve-fitting method gives the relation between independent variables and dependent variable by applying the best fit to data. The coefficients of the BU profiles obtained by this method are given in Table 4 for all fuel cases. The operation time limits in this BU( th , ) expression are between the BOC and the end of cycle (EOC) which varies depending on the fuel cases (see footnote of Table 5 ). The longest EOC time is in Case 2 and it is 30 days for eff = 0.95. In this operation time, the BU value is 8.58 GWd/MTU for th = 1000 MW.
Gain.
The energy gain proportional to fission reactions ( ) occurring in SC is one of the most major parameters of an ADS. It can be defined as the ratio of the total fission energy production in the core to E p and calculated as follows:
where is the energy per fission (200 MeV) and PE is the proton beam power.
The gain values of the investigated ADS, calculated for th = 1000 MW at the BOC and the EOC, are given in Table 5 . 
Masses of isotopes which are loaded to SC at the BOC and produced in this core at the EOC are given in Tables  6-8 for all fuel cases. Although the highest thorium load (3114 kgHM) is in Case 3 (including CmO 2 TRISO particles), the best thorium utilization is realized in Case 2. As for the cases with uranium, Case 1(c) (including 22.5% enriched UO 2 TRISO particles) is the best case among Cases 1(a)-1(c) due to the fact that it has more enrichment uranium. Fissile fuel 233 U of 155.1 g per day (4.653 kg/30 days) and 6.1 g per day produced from 238 U is as follows:
Conclusion
One way of transmutation of nuclear wastes is using ADSs by driving high-energetic proton source. In this study, a conceptual LBE target-ADS has been investigated to transmute spent fuel with thorium and to flatten the fission power density of the fuel core, as well as energy production. Many time-dependent computational trials have been performed to obtain optimum neutronic data by using MCNPX 2.7 computer code. The major results are, in brief, as follows:
(i) The optimized radius (55 cm) of LBE target is the best size in terms of spallation neutrons (about 30 neutrons).
(ii) The longest and shortest times when eff decreases to 0.95 are in Case 2 (including ThO 2 and PuO 2 TRISO particles) and Case 3 (including the ThO 2 and CmO 2 TRISO particles), which are 0.5 days and 30 days, respectively. After these times, the fuel pebbles should be refreshed.
Science and Technology of Nuclear Installations 9 (vi) 233 U and 239 Pu fissile fuels can be produced up to 155.1 g and 103.6 g per day, respectively.
In conclusion, the ADS flattened fission power density has a good neutronic performance in terms of effective utilizations of thorium and spent fuel and energy production. Furthermore, this work would light the way for obtaining a uniform fission power density profile for similar future works. 
